Introduction
Active continental margins are a major site of continental crust formation and orogenic activity. The primary mantle-derived magmas may occur by combined assimilation and fractional crystallization (AFC) in shallow crustal levels (DePaolo 1981) or by melting, assimilation, storage, and homogenization (MASH) in deep crustal zones (Hildreth and Moorbath 1988; Davidson et al. 1990; McMillan et al. 1993) . In the present-day volcanic zone of the Andes, which comprise one of the most prominent and best-developed examples of continental arc magmatism, variations in the chemical and isotopic composition of volcanic rocks can be related to changes in the composition and thickness of the continental crust through which the magmas pass during their ascent (e.g., Hickey et al. 1986; Hildreth and Moorbath 1988; Davidson et al. 1990; McMillan et al. 1993) . In this article, crustal contributions to arc magmas in an Early Ordovician continental arc along the proto-Andean margin of Gondwana are examined and compared to the processes active in the recent volcanic zone of the Andes. Identification and quantification of the crustal contamination processes provide constraints on the nature and structure of the continental crust onto which the Ordovician arc was built and have important implications for the understanding of the Early Paleozoic geodynamic evolution of the protoAndean margin of Gondwana.
In this article, plutonic rocks of the Complejo Igneo Pocitos (CIP) exposed in the southern Puna of northwestern Argentina (Zappettini et al. 1994) were analyzed for their major and trace element and Sr-Nd-Pb isotope composition. In addition, high precision U-Pb ages were obtained for magmatic sphenes. The CIP was chosen for this study because the plutonic rocks presumably originated in an Ordovician continental arc along the proto-Andean margin of Gondwana ( fig. 1 ; Bock et al. 2000; Zimmermann and Bahlburg 2004) , and they play a key role in the reconstruction of this ancient arc system in the area of northern Chile and northwestern Argentina. In particular, the extent and significance of the arc activity in this area and further north is under debate (e.g., Bahlburg and Hervé 1997; Bock et al. 2000; Zimmermann and Bahlburg 2004) . A related question is whether or not the Famatinian arc known from central Argentina (e.g., Rapela et al. 1998 ) and the northward-lying Puna arc formed as part of the same arc system in Early Ordovician time. The major and trace element as well as Sr-Nd-Pb isotope compositions of the CIP are used here to constrain the petrogenesis of the plutonic rocks by multicomponent modeling and to put further constraints on the Early Paleozoic geodynamic evolution of the proto-Andean margin of Gondwana.
Paleotectonic and Geological Setting
The geodynamic evolution of the proto-Andean margin of Gondwana in Paleozoic times was characterized by the repeated onset of subduction processes associated with the docking of several terranes Ramos 1988; Rapela et al. 1998 ). In the area of present-day central Chile and central Argentina, the Cuyania-Precordillera and Chilenia terranes are considered to have been amalgamated to Gondwana during the Paleozoic ( fig. 1 ; Ramos et al. 1986; Ramos 1988) . Rocks associated with Early Paleozoic subduction activity are widely distributed in the Sierras Famatina and Sierras Pampeanas in central Argentina and are generally referred to as the Famatinian arc (e.g., Rapela et al. 1998) . In contrast, the Paleozoic geodynamic evolution further north, in the area of northern Chile and northwestern Argentina (southern central Andes), is much less well constrained. Major differences exist between models that propose extensive subduction processes in Ordovician times, culminating in either the docking of terranes (e.g., Ramos 1988; Bahlburg and Hervé 1997; Coira et al. 1999) or a continent-continent collision between Gondwana and Laurentia (Dalla Salda et al. 1992; Dalziel et al. 1994; Dalziel 1997) , and those models that suggest a geodynamic evolution dominated by intracrustal recycling processes with minor contributions of juvenile magmatism (Damm et al. 1990; Bock et al. 2000; Lucassen et al. 2000; Zimmermann and Bahlburg 2004) .
The CIP is exposed in the southern Puna (between 25Њ00ЈS and 24Њ50ЈS and 67Њ07ЈW and 67Њ00ЈW) and intruded into mafic to ultramafic rocks (hereafter Puna ultramafics; fig. 2 ). The intrusion contact between the CIP and the Puna ultramafics is marked by the occurrence of black walls (Zimmermann 1999) . Their petrogenesis is related to metasomatic processes at the contact between intermediate to felsic intrusions and mafic to ultramafic host rocks (e.g., Barton et al. 1991) . The black walls consist mainly of biotite and minor clinopyroxene and were used in this study, besides U-Pb analyses of sphenes, to date the intrusive event. Early Ordovician arc activity in the Puna area is evident from the volcanosedimentary successions exposed in the northern Puna (Bahlburg 1998) , from the Tollilar and Diablo formations exposed in the southern Puna (Zimmermann 1999) , and from subduction-related magmatic rocks in north Chile (Choschas granodiorite in the Complejo Igneo-Sedimentario del Cordon de Lila) and in the western reaches of the southern Puna (Archibarca granite; Bahlburg and Hervé 1997) .
The Puna region is of particular interest for the geodynamic evolution of the proto-Andean margin of Gondwana during the Early Paleozoic. The Puna ultramafics have been interpreted as Ordovician ophiolites representing the suture between the proposed Pampia and Arequipa-Antofalla terranes (e.g., Bahlburg and Hervé 1997) . In more recent studies, a MORB-related origin of these rocks was excluded, and an island arc setting was suggested Coira et al. 1999; Bock et al. 2000) . Due to the lack of a terrane boundary, Bahlburg et al. (2000) proposed a contiguous Arequipa-Pampia terrane. Origin and evolution of the CIP magmas, and in particular their relationship to the Famatinian Figure 4 . Rb-Sr clinopyroxene-biotite isochron. For the age calculation, only the clinopyroxene and biotite 1 data are included. The different biotites refer to different grain sizes: biotite cm; biotite -63 mm; biotite 1 ≈ 0.3 2 p 125 mm. The biotites were ground under ethanol using 3 ≤ 63 an agate mortar. They were purified by washing in deionized water and ethanol. Clinopyroxene separates were obtained by sieving the sample through a 180-500-mm mesh. They were purified by washing in deionized water and handpicking. The biotite and clinopyroxene mineral separates were spiked with a mixed 87 Sr spike and digested in hot concentrated HF-HNO 3 (5 : 1) in screwtop Teflon vials. Rb and Sr were separated by the same cation exchange techniques as described for whole-rock samples. For the Pb isotope and U-Pb isotope analyses, separation of Pb was achieved using a HCl-HBr chemistry, and U was separated using a HCl chemistry. U and Pb isotope measurements were carried out using a VG Sector 54 thermal ionization mass spectrometer in static mode. Both elements were loaded separately on Re single filaments following the H 3 PO 4 silica gel method (Cameron et al. 1967) . U and Pb isotope analyses were corrected for mass fractionation by a factor of and 0.11% ‫ע‬ 0.02% per amu, respectively. The repro-0.13% ‫ע‬ 0.02% Note. Major elements, Sc, and Ni were analyzed using x-ray fluorescence (XRF). For selected samples, trace elements were analyzed using inductively coupled plasma mass spectrometry. For samples that were not analyzed for rare earth elements, trace element data determined using XRF are reported. Pb ratios, respectively. Run-to-run uncertainties in the U/Pb ratios were estimated to be 0.3%. The total procedural blanks for Pb and U were 20-70 pg and 2 pg, respectively. Measured Pb ratios for the blank are , , Pb ratios and ages were calculated according to the method of Ludwig (1991) . They include the reproducibility of the standard, common Pb and blank corrections as well as within-run uncertainties and the uncertainties in the U/Pb ratio of the spike. Pb ratios, the effect of the corrections for common Pb on the calculated ages is significant. Therefore, it is critical to know the appropriate isotope composition of the common Pb component very precisely. Leaching Kfeldspars with HF has been shown to remove its radiogenic Pb component, so that the Pb isotope composition of leached K-feldspar should be approximately identical to the initial Pb isotope composition of the K-feldspars at the time of its closure (e.g., Ludwig and Silver 1977) . Therefore, the Pb isotope composition of coexisting K-feldspars can Pb 476 ‫ע‬ 2 age of sample T 28, which is considered to be slightly discordant due to recent Pb loss ( fig. 3) . Therefore, this sample is not included in the calculation of the concordia age. The U-Pb age of Ma is interpreted to be the time of intru-476 ‫ע‬ 2 sion of the CIP and is identical to but of higher precision than previously reported K-Ar ages of Ma for an amphibole separate and 494 ‫ע‬ 20
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U-
Ma for a biotite-amphibole separate for 470 ‫ע‬ 17 monzonites of the CIP (Blasco et al. 1996) .
Rb-Sr data for biotite and clinopyroxene separates from the black wall sample are listed in table 2 and shown in figure 4. The black wall sample mainly consists of coarse biotite grains (0.5-1 cm in length) surrounded by fine-grained biotites. Separates of both fractions were analyzed for their RbSr systematics. A clinopyroxene separate and a coarse-grained biotite (biotite 1) define an isochron corresponding to an age of Ma ( fig. 4 ). This 472 ‫ע‬ 5 age is identical to the U-Pb sphene age. The two fine-grained biotite separates (biotites 2 and 3) do not plot on the isochron. Compared to biotite 1, they display much lower Rb/Sr ratios, most likely indicating interaction with a fluid phase enriched in Sr. This interaction possibly changed the Rb/Sr ratio and the Sr isotope composition resulting in an offset from the isochron.
The low initial Sr values can only be maintained in old crustal domains with low Rb/Sr ratios, indicating that the Puna ultramafics in which the CIP intruded is of Proterozoic age. This result is consistent with the interpretation of structural data that indicate a Precambrian age (Mon and Hongn 1991) . The Puna ultramafics, therefore, cannot represent Ordovician ophiolithes, indicating that there is no terrane boundary between the Pampia and Arequipa-Antofalla crustal blocks. These results provide strong support for the interpretation of Bahlburg et al. (2000) , who proposed a contiguous Arequipa-Pampia terrane.
Major and Trace Element and Sr-Nd-Pb Isotope Composition
Major and trace element analyses and Sr-Nd-Pb isotope data for the CIP rocks are listed in tables 3-5. SiO 2 contents are consistent with the modal compositions of the examined samples and show the division into monzodiorites and more evolved rocks comprising monzonites and monzogranites. All samples are metaluminous with an alumina Key observations that need to be explained by any successful model for the petrogenesis of the CIP include (1) the similarity in major and trace element composition of all examined samples indicating a cogenetic origin, (2) the development of two distinct parental magmas as evident from differences in the initial Sr and Nd isotope compositions, and (3) the remarkably homogeneous isotopic composition within each group. Further important features are the high degree of enrichment of the incompatible trace elements at SiO 2 contents as low as 48 wt% and the observed higher contents of most of the incompatible trace elements in group 2 samples at a given SiO 2 .
Discussion
The Sr and Nd isotope systematics indicate the contribution of mantle and crustal sources to the generation of the CIP magmas ( fig. 7) . Hence, Nd model ages of the CIP rocks cannot be interpreted as real crust formation ages but nevertheless provide a lower limit for the age of the crustal component. The Nd model ages for the CIP range from 800 to 1100 Ma, indicating a Proterozoic age for the crustal sources. In the Pb diagram, the examined samples intersect the Stacey and Kramers (1975) Pb evolution curve at younger ages than indicated by the U-Pb crystallization age for the CIP (fig. 8) Sr of the black wall rocks, which Normalizing factors according to Hofmann (1988) .
also suggests a Proterozoic age for the crust into which the CIP intruded. Some models for the Early Paleozoic geodynamic evolution of the protoAndean margin of Gondwana in the area of the southern central Andes propose a continentcontinent collision between Gondwana and Laurentia (Dalla Salda et al. 1992; Dalziel et al. 1994 Pb ratio of the CIP and the Andean crust are more radiogenic than the Southern Grenville Province of North America ( fig.  8 ). The crustal component in the CIP magmas is significantly older than the formation age of the Southern Grenville Province.
Mixing of mantle and crustal sources most likely can be attributed to the generation of the CIP magmas in a subduction-zone setting. This interpretation is consistent with the trace element compositions (most notably the strong enrichment of incompatible elements at low SiO 2 contents) and the occurrence of primary hornblende. Due to the involvement of a fluid phase, subduction-related magmas are characterized by elevated and f O 2 values resulting in the stabilization of hornp H O 2 blende (Gill 1981; Sisson and Grove 1993a, 1993b) . Possible magmatic sources in arc-related magmas include the mantle wedge (most likely similar to the source of MORB), MORB-derived fluids, subducted sediments, and continental crust that may be assimilated during magma ascent (e.g., Arculus and Powell 1986; Ellam and Hawkesworth 1988; Hildreth and Moorbath 1988; Pearce and Peate 1995; Johnson and Plank 1999) . The trace element and isotope composition of the CIP is evaluated below to estimate the contributions of these different sources. The role of fractional crystallization and crustal assimilation is compared to contamination of the subarc mantle source by MORBderived fluids and subducted sediments. These results are then combined in a petrogenetic model in which the contribution of the different sources is quantified by multicomponent modeling.
Fractional Crystallization and Crustal Assimilation Processes.
A general fractional crystallization trend is indicated by decreasing FeO total , MgO, CaO, Sc, V, Cr, and Ni contents with increasing SiO 2 , indicating fractionation of hornblende and/or clinopyroxene. Hornblende is probably the major fractionating phase due to its high modal content in the CIP rocks. Decreasing TiO 2 contents with increasing SiO 2 ( fig. 6 ) suggests magnetite fractionation and supports the classification as calc-alkaline rocks, where magnetite fractionation controls the TiO 2 trends. For the differentiated rocks from group 2, additional fractionation of apatite and plagioclase is evident from decreasing P 2 O 5 , CaO, and Al 2 O 3 contents with increasing SiO 2 ( fig. 6 ). In contrast, increasing Sr and Ba contents with increasing SiO 2 content (not shown in fig. 6 ) rule out significant plagioclase fractionation in the evolution of group 1 samples. Abundances of the light rare earth element (LREE) increase with increasing SiO 2 for group 1 samples most likely indicating fractiona- tion of hornblende. The same trend can be observed for the monzodiorite and the less evolved monzonite (sample A 147) from group 2. With further increasing SiO 2 , LREE contents decrease in group 2 samples due to fractionation of a LREE-enriched phaselike sphene or apatite (Miller and Mittlefehlt 1982) .
Correlations of Sr and Nd isotope ratios with SiO 2 are useful in constraining the nature and extent of crustal assimilation processes. The combination of fractional crystallization and crustal assimilation in shallow crustal niveaus (AFC; DePaolo 1981) is expected to result in rising 87 Sr/ 86 Sr ratios and decreasing values with increasing e Nd SiO 2 content (DePaolo 1981), as indicated by schematic arrows in figure 9 . Despite the large range in bulk compositions from 48%-65% SiO 2 , both CIP suites display no variation in their Sr and Nd isotope compositions ( fig. 9) , and, consequently, significant crustal assimilation processes in shallow levels can be ruled out. The two CIP suites, therefore, acquired their distinct and homogeneous isotope composition during deep crustal or mantle magmatic processes. This interpretation is further supported by similarities between both groups in (1) the general fractional crystallization behavior, (2) the trace element distribution, (3) the range in SiO 2 contents, and (4) the phenocryst assemblages and textures.
In contrast to AFC processes, crustal assimilation by melting, assimilation, storage, and homogenization in deep crustal zones (MASH; Hildreth and Moorbath 1988) results in parental magmas with a distinct and homogeneous isotope composition. In order to evaluate the role of such MASH processes, Sr versus SiO 2 . Arrows indicate the schematic magmatic trends for pure fractional crystallization in a closed system and for a combination of assimilation and fractional crystallization (AFC). All examined samples lack evidence of shallowlevel assimilation of continental crust during magma crystallization. The AFC processes therefore appear to be restricted to the deep crustal melting, assimilation, storage, and homogenization zone.
Nd-Pb mixing lines between a primitive arc basalt and Andean crust were calculated ( fig. 10 ). The composition of island arc basalts is thought to be unaffected by any significant crustal contamination but reflects in almost all cases incorporation of subducted sediments and MORB-derived fluids in the genesis of the magma (e.g., McCulloch and Gamble 1991). However, the effect of source contamination by subducted sediments on the trace element composition can be considered negligible compared with the compositional variations caused by fluctuations in the input of MORBderived fluids. Therefore, the composition of the average arc basalt reported by McCulloch and Gamble (1991) was chosen here as representative of a primitive arc basalt unaffected by involvement of any crustal material. The isotopic composition of this melt was chosen to be identical to that of the depleted mantle, again neglecting any modification by subducted sediments. The different mixing lines shown in figure 10 refer Pb ratios (e.g., Hickey et al. 1986; Ben Othman et al. 1989) . The Nd and Pb isotope compositions of group 2 rocks, however, are consistent with an origin by deep crustal MASH processes ( fig.  10 ).
Evidence for Source Contamination by MORB-
Derived Fluids and Subducted Sediments. The combination of Nd and Pb isotopes is particularly useful in deciphering mixing processes among the depleted MORB-mantle, MORB-derived fluids, and melts from subducted sediments. Subducted sediments contain orders of magnitude more Pb than the depleted MORB-mantle and, therefore, control the Pb isotope composition of subarc mantle domains (e.g., White and Dupré 1986) . Mixing between the depleted MORB-mantle and minute amounts of subducted sediments therefore is expected to result in radiogenic Pb isotope ratios and almost no effect on the Nd values. Due to the high fluid mobility of Pb compared to Nd, MORBderived fluids are characterized by high Pb/Nd ratios (e.g., Tatsumi et al. 1986 ). Consequently, addition of MORB-derived fluids as a third component lowers the Pb isotope composition without changing the Nd isotope ratio significantly ( fig. 11) .
Nd-Pb mixing lines between the depleted MORBmantle and melts from subducted sediments for different amounts of fluid addition are shown in figure 11 . The similarity in Pb isotope composition between the CIP and the Andean crust suggests the crustal component in the CIP melts ( fig. 8 ) to be dominated by local sources. The Nd isotope composition of the subducted sediments, therefore, is assumed to be that of the volcano-sedimentary Formation Tollilar, which gives a good estimate for the upper crustal composition in the area of the southern Puna in Ordovician time (Zimmermann 1999) . The Pb isotope composition of the depleted MORB mantle was deduced from Hofmann (1997) , and that of subducted sediments was estimated from the mixing lines shown in figure 8 . The trace element composition of MORB-derived fluids and melts from subducted sediments are from Mü nker (2000), and the Nd and Pb isotope composition of Figure 10 . Crustal contamination of a primitive arc basalt in the melting, assimilation, storage, and homogenization (MASH) zone. The Pb-Nd assimilation and fractional crystallization (AFC) mixing lines shown were calculated using a value r of 0.6, which is widely used in modeling deep crustal MASH processes (e.g., Hildreth and Moorbath 1988) . The crystallizing mineral assemblage consists of 20% hornblende, 40% clinopyroxene, 20% orthopyroxene, 10% olivine, and 10% plagioclase. These phases are generally known to dominate the evolution of basaltic magmas in a volcanic arc setting (e.g., Gill 1981) . The partition coefficients used were taken from the following references: plagioclase, orthopyroxene, olivine (Dunn and Sen 1994) ; clinopyroxene (Hart and Dunn 1993) ; hornblende (Brenan et al. 1995) . The Nd and Pb concentrations of the endmembers are those of average continental crust (20 and 13 ppm, respectively) and those of the average arc basalt reported by McCulloch and Gamble (1991; 10 and 4 ppm, respectively MORB-derived fluids was chosen to be identical with the values for the depleted mantle. Compositions for the endmembers used are summarized in the caption of figure 11 .
The isotopic composition of group 1 samples can be modeled by admixture of 0.5% melt from subducted sediment and between 1% and 2% MORBderived fluid to the mantle wedge ( fig. 11) . These results agree very well with those observed for recent arc systems (e.g., White and Patchett 1984; White and Dupré 1986; Ellam and Hawkesworth 1988) and show that the assumptions made in the modeling are valid. The isotope composition of group 2 samples, however, is not in accord with a pure source assimilation model because addition of different amounts of MORB-derived fluid are needed depending on whether the ppm, ppm), a 15% melt from subducted sediment ( ppm, Nd p 0.7 Pb p 0.018 Nd p 135 ppm), and a fluid derived from the MORB portion of the downgoing slab ( ppm, ppm). The Pb p 129
Nd p 1 P bp 25 trace element composition of both melt from subducted sediments and MORB-derived fluid are from Mü nker (2000) . Nd and Pb concentrations for the DMM are from Geochemical Earth Reference Model, and the Nd isotope composition is deduced from MORB data from Hofmann (1997) . The Pb isotope composition of the DMM and the subducted sediments were estimated from the mixing lines shown in figure 8 . The Nd isotope composition of subducted sediments was assumed to be that of the volcano sedimentary formation Tollilar (Zimmermann 1999) . The isotope composition of MORB-derived fluids is identical to that of the DMM. The Pb isotope composition of the threecomponent mixture is strongly controlled by the input of subducted sediments. However, addition of MORB-derived fluid to a mixture of DMM and subducted sediment lowers the Pb isotope signature significantly without affecting the Nd isotope composition. The source contamination model can account for the isotope composition of group 1 rocks but not for the isotope composition of group 2 samples.
The parental melt of group 2 samples can be produced by crustal contamination of a melt sampled by the group 1 monzodiorites and concomitant crystallization of 30%-40% of the magma body in the deep crustal MASH zone. Using an r value of 0.6, this refers to assimilation of 20%-25% of crustal material ( fig. 12) . As indicated by variations in the Zr content of both CIP parental magmas, further intrasuite fractionation of the melts in a closed system following contamination in the deep crustal MASH zone is required ( fig. 12 ). This differentiation process took place after efficient homogenization of the contaminated magma and was not accompanied by crustal assimilation, thus maintaining the isotope composition of the melts constant. This process most likely occurred at shallower crustal levels where only insufficient heat was generated during fractional crystallization of the magma to assimilate crustal material. During these intrasuite differentiation processes, the more evolved melts from both groups and the group 2 monzodiorite (sample T 18) were generated. The group 2 monzodiorite cannot represent the parental magma of group 2, because its low SiO 2 content of 48 wt% can barely be explained by crustal contamination. Assuming a SiO 2 content of 60 wt% for the contaminating crust, the lower limit of the SiO 2 content of the group 2 parental magma can be estimated by simple mass balance to ∼52 wt%. The true SiO 2 content for the contaminated melt is probably higher, because further SiO 2 enrichment results from fractional crystallization accompanying the process of crustal contamination. Due to its low SiO 2 content, the group 2 monzodiorite can be interpreted as a cumulate mainly consisting of hornblende.
In deep crustal MASH processes, garnet might be expected to occur as a residual phase (McMillan et al. 1993) . In this case, the REE in the CIP melts should be strongly fractionated, because garnet preferentially incorporates the heavy REE in its crystal lattice. The REE abundances of the CIP samples, however, are significantly less fractionated than would be expected from the presence of residual garnet. Melting experiments in tonalitic systems have shown that garnet only occurs as a residual phase at relatively low degrees of partial melting (Caroll and Wyllie 1989; Skjerlie and Johnston 1992) , suggesting that garnet in the source of the CIP melts was consumed during earlier magmatism, if it was present at all.
All geochemical data combined are consistent with the following petrogenetic model: all CIP magmas are derived from a typical subarc mantle source previously enriched by addition of ∼0.5% sediment melt and 1%-2% MORB-derived fluids. The overall similarity in major and trace element compositions among all examined samples can be attributed to an origin by subduction-related magmatic processes. The development of two parental magmas, each with a distinct and homogeneous isotope composition, can be attributed to the different extent of crustal assimilation processes, which were only important during the petrogenesis of group 2 samples. The constant Sr and Nd isotope composition at varying SiO 2 restricts the crustal contamination to the deep crustal MASH zone, resulting in an efficient homogenization of the magmas. Assimilation of crustal material provided an additional source of incompatible trace elements and therefore can account for the higher degree of enrichment of most of the incompatible trace elements at a given SiO 2 content observed for group 2 samples.
Conclusions and Geodynamic Implications
The CIP magmas were generated in an Ordovician continental arc. The identification of deep crustal MASH processes requires that this arc was built on thickened continental crust in order to enable melting and assimilation processes at the base of the crust (e.g., Hildreth and Moorbath 1988) . The NdPb isotope composition of the CIP indicates a Middle Proterozoic age for the continental crust in the study area. Similarly, proposed that the underlying crust of the Ordovician Famatinian arc in the Southern Andes is of Middle Proterozoic age. The CIP, therefore, can be considered to be the northern continuation of the Famatinian arc, which extended from central Argentina to northern Chile. Given the rather homogeneous Middle Proterozoic Nd model ages of the Late Precambrian-Early Paleozoic metamorphic basement in the area between the Arequipa Massif in the North and the Argentine Precordillera Sr/ Sr p 0.709 and Nd values between Ϫ9 and Ϫ3. The Sr, Nd, and Zr concentrations of Andean continental crust are the values for average continental crust (330, 20, and 120 ppm, respectively). Assimilation of 20%-25% crustal material and concomitant crystallization of 30%-40% of the magma body results in a melt isotopically indistinguishable from the group 2 parental magma.
in the South (Lucassen et al. 2000) and of Paleozoic sedimentary rocks from northern Chile and northwestern Argentina , extension of the Ordovician Famatinian arc further north up to the Arequipa Massif seems possible. Thickening of the crust on which the Famatinian arc was built can be related to the Pampean orogeny at ∼500 Ma (Lucassen et al. 2000) .
The Puna ultramafic rocks are of Proterozoic age and part of the crustal block on which the Ordovician arc was built. These results render it unlikely that the Puna ultramafics represent ophioithes related to a Paleozoic terrane boundary (e.g., ). This interpretation is consistent with Nd isotope evidence from Paleozoic sedimentary rocks from this region that preclude any significant obduction of ocean floor . The Early Ordovician intrusive rocks of the Archibarca granite in the western reaches of the southern Puna have the same age as the CIP and have been interpreted as witnesses of an Early Paleozoic subduction zone (Palma et al. 1986; Bahlburg and Hervé 1997) . At a given SiO 2 content, rocks from the Archibarca granite display lower alkali metal concentrations than the CIP samples (data in Coira et al. 1999) , which is consistent with the assumption of an east-dipping subduction zone at the proto-Andean margin of Gondwana (e.g., Rapela et al. 1998) .
A comparison of the Ordovician Famatinian arc with the recent continental arc of the Andes provides important constraints on the structure of the Ordovician arc. The rate of crustal assimilation observed for magmas from the volcanic zone of the Andes almost always seems to reach values around 20% (G. Wö rner, pers. comm.). A similar assimilation rate of 20%-25% has been deduced for the CIP magmas, indicating a strong similarity between the MASH processes active in the Ordovician and Andean continental arcs. In the Andes, variations in the chemical and isotopic composition of volcanic rocks can be related to changes in the composition and thickness of the continental crust (e.g., Hickey et al. 1986; Hildreth and Moorbath 1988; Davidson et al. 1990; McMillan et al. 1993) . Andean volcanic rocks exhibit a more crustlike Sr-Nd isotope composition than the CIP, indicating that thicknesses of the Ordovician crust in the area of the CIP were lower than in the present Andes. Likewise, volcanic rocks from central Argentina sampling the southern part of the Famatinian arc display a more crustlike Sr-Nd isotope composition than the CIP, suggesting that the thickness of the continental crust onto which the Famatinian arc was built decreased from south to north.
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